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Scaling patterns for azimuthal anisotropy in Pb+Pb collisions 
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Azimuthal anisotropy measurements for charged hadrons, characterized by the second order 
Fourier coefficient V2, are used to investigate the path length (L) and transverse momentum 
(Pt) dependent jet quenching patterns of the QCD medium produced in Pb+Pb collisions at 
y^ijviv = 2.76 TeV. V2 shows a linear decrease as l/^/pr and a linear increase with the medium 
path length difference (AL) in- and out of the '52 event plane. These patterns compliment a prior 
observation of the scaling of jet quenching (Raa) measurements. Together, they suggest that ra- 
diative parton energy loss is a dominant mechanism for jet suppression, and V2 stems from the 
difference in the parton propagation length AL. An estimate of the transport coefficient q, gives a 
value comparable to that obtained in a prior study of the scaling properties of -Raa. These results 
suggest that high-pT azimuthal anisotropy measurements provide strong constraints for delineating 
the mechanism(s) for parton energy loss, as well as for reliable extraction of q. 
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Ultrarelativistic heavy ion collisions can produce a high 
energy-density plasma of quarks and gluons (QGP) [l|. 
Full characterization of the transport properties of this 
plasma, is a central objective of current research at both 
the Relativistic Heavy Ion Collider (RHIC) and the Large 
Hadron Collider (LHC) . A key ingredient for such a char- 
acterization is a full understanding of the mechanism by 
which hard scattered partons interact and lose energy in 
the QGP, prior to their fragmentation into topologically 
aligned high-p^ hadrons or jets [3]. This energy loss man- 
ifests as a suppression of hadron yields [3| - termed "jet 
quenching" - which depends on the momenta of the par- 
tons and the path length for their propagation through 
the QGP @,i4i- 

Such a suppression is routinely quantified with the 
measured hadron yields in A-f-A and p+p collisions, via 
the nuclear modification factor {Raa) [S, lZ|; 
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24 where app is the particle production cross section in p+p 

25 collisions and (Taa) is the nuclear thickness function av- 

26 craged over the impact parameter (b) range associated 

27 with a given centrality selection 
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number of nuclcon-nucleon collisions, 



(Ncou) = (^^ (Taa), is usually obtained via a Monte- 
Carlo Glauber-based model calculation [8|, |9[ . Detailed 
measurements of the centrality and px dependence of 
Raa are key to ongoing efforts to delineate the transport 
properties of the QGP produced in heavy ion collisions 
at both the LHC and RHIC 0, H, UMl ■ 

Differential measurements of the azimuthal anisotropy 
of high-pT hadrons also provide an indispensable probe to 



37 study jet quenching. Here, the operational ansatz is that 

38 the partons which traverse the QGP medium in the direc- 

39 tion parallel (perpendicular) to the event plane result in 

40 less (more) suppression due to the shorter (longer) parton 

41 propagation lengths |2Cll423l |. The resulting anisotropy 

42 can be characterized via Fourier decomposition of the 

43 measured azimuthal distribution; 
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44 where u„ — (cos(n[0 — \I'„])) ,n = 1,2,3, ... and the "ifn 

45 are the generalized participant event planes at all orders 

46 for each event. Characterization can also be made via the 

47 pair-wise distribution in the azimuthal angle difference 

48 (A(/) = (/)! — 02) between particles 2J-|26|; 
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In earlier work [5|, |6[ , we have investigated the pT and 
path length (L) dependence of jet quenching via the scal- 
ing properties of Raa{pt, L)- The observed scaling indi- 
cated a decrease of Raa{pt,L) with L and an increase 
of Raa{pt,L) with l/y/pr- These trends were shown to 
be compatible with an energy loss mechanism dominated 
by medium induced gluon radiation [J]; 
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dlnpT 

56 where as is the strong coupling constant, Cp is the color 

57 factor and q is the transport coefficient which character- 

58 izes the squared average transverse momentum exchange 

59 [per unit path length] between the medium and the par- 

60 ton. An estimate of q was also extracted from the scaling 
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FIG. 1. (Color online) tJ2 (pt) vs. l/y^pr for several centrality selections as indicated. Error bars are statistical only. The 
data are taken from Refs. [27l.l2a]. The dashed curve in each panel is a linear fit to the data. 



curves. If jet quenching serves as a driver for azimuthal 
anisotropy, scaling as a function of Pt and AL = Ly — L^ 
(the difference between the out-of-plane (y) and in-plane 
(x) path lengths) might be expected. Thus, it is impor- 
tant to investigate whether azimuthal anisotropy mea- 
surements show complimentary scaling patterns which 
reflect the underlying energy loss mechanism suggested 
by the i?AA measurements. 

In this work, we use high-p^ V2 data to search for these 
scaling patterns, with an eye toward an independent es- 
timate of q. The observation of such patterns could also 
serve as a confirmation that at high-p^, i?AA and V2 stem 
from the same energy loss mechanism, and this mecha- 
nism is dominated by medium induced gluon radiation. 

The high-pT {pt > 8 GcV/c, 1 < |r/| < 2) measure- 
ments employed in our search were recently reported for 
charged hadrons by the CMS and ATLAS collaborations 
These data indicate an increase of V2{pt) from 
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central to mid-central collisions, as might be expected 
from an increase in AL as collisions become more pe- 
ripheral. They also indicate a characteristic decrease of 
V2 with Pt, suggestive of a l/y^pr dependence. These 
key features are important to the scaling search discussed 
below. 

To facilitate comparisons to our earlier scaling analy- 
sis of i?AA data, we use the transverse size of the system 
R as an estimate for the path length L, as was done 
in our earlier analyses ISlmL ^ Monte-Carlo Glauber- 
based model calculation [8|, loj was used to evaluate the 
values for R and the eccentricity e in Pb+Pb collisions 
as follows. For each centrality selection, the number of 
participant nucleons A'part, was first estimated. Sub- 



sequently, R and the eccentricity e, were determined 
from the distribution of these nucleons in the transverse 



95 {x,y) plane as: 1/R 

96 where a r and a. 



-7 + -2 , and e 



y are the respective root-mcan-square 
widths of the density distributions. We use the esti- 



mate AL = Ly — Lx — e{L^ 



L 



y) 



sR for the path 



length difference. Note that Ly 



(o'x'v/l + e)/(l — e) and 
For these calculations, the ini- 



101 tial entropy profile in the transverse plane was assumed 

102 to be proportional to a linear combination of the number 

103 density of participants and binary collisions [29|, |30| . The 

104 latter assures that the entropy density weighting used, is 

105 constrained by the Pb+Pb hadron multiplicity measure- 

106 mcnts [3 if . Averaging for each centrality, was performed 

107 over the configurations generated in the simulated colli- 
ue sions. 

111 Figure [T] shows the plots of V2{pt) vs. l/y/pr for sev- 

112 eral centrality selections as indicated. The dashed curves 

113 which represent a linear fit, indicates that within errors, 

114 V2{pt) decreases as l/.^/py. This trend is opposite to the 

115 trend for i?AA(PT), and is to be expected if the anisotropy 

116 characterized by V2{pt) stems from jet quenching (cf. 

117 Eq. [S]), i.e. an increase in Raa{pt) results in a corre- 

118 sponding decrease in V2(j>t)- 

119 The combined effects of 1/ ^Jpr and AL scaling are 

120 demonstrated in Fig. [2j The left panel (a) of the figure 

121 shows the same linear dependence on l/y^pr evidenced 

122 in Fig. [H but with a different magnitude for each of the 

123 centrality selections indicated. The right panel (b) shows 

124 that, when the same data [shown in (a)] is scaled by AL, 

125 a single curve is obtained. The implied linear increase 
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FIG. 2. (Color online) (a) V2{pt) vs. l/y^pr for the cen- 
trality selections indicated, (b) V2{pt)/^L vs. l/^/pr for the 
same centrality selections. Error bars are statistical only. 



of V2{pt) with AL is complimentary to the previously 
observed L dependence of jet quenching [5|,|6[. That is, 
an increase in the effective path length L (AL) leads to 
more quenching (anisotropy) . An extrapolation to higher 
values oi pt, of a linear fit to the data in Fig. [DJb), sug- 
gests that the anisotropy associated with jet quenching 
is negligible (w2 ^ 0) for px > 100 GeV. This is probably 
due to the relatively small magnitudes of AL. Note that 
for a fixed value of »t, lii(i?AA(PT,i)) shows a linear 
dependence on L [5|, |6[ • 

For a given centrality, the azimuthal angle depen- 
dence of jet quenching [relative to the ^2 event plane] 
-Raa(A(^,Pt), is related to V2{pt)- This stems from the 
fact that the number of particles emitted relative to \l/2, 
N{A(J),pt) oc [1 + 2v2{pt)cos{2AcJ))]. The anisotropy 
factor 



154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 



i?„,(pT,AL) = 



Raa{90°, pt) _ l-2v2iPT) 



i?AA(0",PT) 1 + 2v2{pt)' 



(6) 



{i.e the ratio of the out-of-plane yield (A0 = 90°) to in- 
plane yield (A0 = 0°)), quantifies the magnitude of the 
quenching for path length difference AL. Therefore, the 
values of Ry^ {pr, AL) can be used in concert with Eq. \5\ 
to extract an estimate of q. 

To facilitate this estimate we first plot ln(i?^2(pT)) vs. 
l/y/pr for each centrality selection, as shown in Fig. [S] 
The dashed curve in each panel of the figure, represents 
a linear fit to the data; they show the expected linear 
dependence on l/y^pT predicted by Eq. [S] The slopes 
Sprp of these curves encode the magnitude of both a^ 
and q. 



For a given medium (fixed (g)) Eq. [5] suggests that 
the ratio Spj./AL should be independent of the colli- 
sion centrality. This independence is indicated by the 
relatively fiat centrality dependence for Sp^/AL, shown 
in Fig. m This observation serves as a further valida- 
tion of Eq. [SI so we use the average value of these ratios 
- 3.0 ± 0.3 GeV^/Vfm in concert with Eq. [3 to obtain 
the estimate olhc ~ 0.47 ± 0.09 GeV^/fm with values 
of a, = 0.3 [n|, Cf = 9/4 0, [H and £ = n = 6.7 
33|. This estimate of (Jlhc, which can be interpreted 



as a space-time average, is similar to our earlier estimate 
gLHC ~ 0.56±0.05 GeV^/fm from scaled i?AA data, eval- 
uated with the same values for Cp and as Q. We con- 
clude that radiative parton energy loss drives jet suppres- 
sion and a collateral azimuthal anisotropy (^2) develops, 
due to the difference in the in-medium parton propaga- 
tion length (AL) in- and out of the ^2 event plane. 

In summary, we have performed scaling tests on the 
V2 values obtained from azimuthal anisotropy measure- 
ments of high-p7- charged hadrons in Pb-|-Pb collisions at 
y/sNN = 2.76 TeV. V2 shows a linear decrease as l/y^pr 
and a linear increase with the medium path length dif- 
ference (AL) in the directions parallel and perpendicular 
to the '1*2 event plane. These patterns, which are similar 
to the scaling patterns for jet quenching measurements 
(ln(i?AA)), confirm the l/y/pr dependence, as weU as 
the linear dependence on path length predicted by Dok- 
shitzer and Kharzeev for jet suppression dominated by 
the mechanism of medium-induced gluon radiation in a 
hot and dense QGP. These observations also suggest that, 
at high-pT, V2 stems from jet quenching, and is a direct 
consequence of the difference in the parton propagation 
length AL. A simple estimate of the transport coefficient 
q from the scaled V2 data, gives a value which is similar to 
the value obtained in a prior study of the scaling prop- 
erties of i?AA [Sl- These results confirm that high-py 
azimuthal anisotropy measurements, provide strong ad- 
ditional constraints for delineating the mechanism(s) for 
parton energy loss, as well as for reliable extraction of q. 
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FIG. 3. (Color online) In [i?,j2(PT, AL)] vs. l/y^pr for several centrality selectfons as indicated. Error bars are statistical only. 
The dashed curve in each panel shows a linear fit to the data (see text). 
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